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BZECUTIVB SUMMAltX 


Th« laotbttrMl prooMMa of MBbrano a^aratlon, auporaritloal 
•xtraetion and ohroaatography vora axaainad ualng availability analyaia. 
Tba ganaral approach waa to dariva aquationa that Idantlfiad whara anargy 
is oonsuaad in thasa prooaasas and bow tbay oo^>ara with oonvantional 
saparatlon mtboda. 

Thasa saparation aatbods ara oharaotarlzad by pura work inputs t 
ehlafly in tha fora of a pressure drop which supplies the required 
energy. Equations ware derived for tha anai^ raqulraaent in tarns of 
regular solution theory. This approach is ballevad to accurately predict 
tha work of saparation in teras of tha heat of solution and tha entropy 
of mixing. It can fora the basis of a convenient calculation aatbod for 
optiaizing aaabrana and solvent properties for particular applications. 

Calculations were aade on the energy raquireasnts for a aaabrana 
process separating air into its coq>onants. ThiSi like all processes 
operating at equllibriuni requires operation in stages to achieve pure 
components. Calculations indicated that the total wortc requireaents for 
a 5-stage membrane process would be about 571 that of separation by air 
liquefaction, and only about 2.2 tines the theoretical value. 

Close exaalnation of supercritical extraction found a relatively 
sis^le theraodynaalc relationship among the thermodynaaio properties of 
the solvent, the entropy of mixing, and the heat of solution. This 
allows a direct estiaate of the work requireaents. The actual work, 
however, is largely due to the requireaent to cycle pressure at high 


Itwls In thin Mtliod. Still » th« nn*!^ mqulrcMnts ar« rtry lovi 
Mklng up for utually oipltal oeata for a<}ui^at. Solution tlMonr 
alao givaa a atraightfomard natted of aalaoting wiparoritioal 
axtraotantBi aapaoialljr if high aalaotivity ia naadad. 

Chroutography and naritrana aaparationa oan ba daaorihad by aitlMr 
aquillbriun or tranafar-linitad approaohaa» d^anding on tha phyaioa of 
tha solvant-aoluta (-aubtrata) intaraotiona. Both approaohaa ara uaad in 
oMHDtroial applioationa. Cara nuat ba takan in undaratanding tha 
Mohanian of tha aaparationa bafora axtrapolation or aalaotion of 
iaprovamnta ia aada. 
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E* SuBBary 


TASK I. METHODOLOGT FOX AMALTSIS 


A. OVERVISV 

Energy requlreaenta for aopnrntion aro genorally MtlBatod froa 1) 
tbo thoraoAynnalo voiic roquiroaontSt prlanrlly from the nogntlvo of tho 
froo energy of alxingi end 2) the prooees heat requireaenta, prlBarlly» 
the aaount of beat required to distill. » abaorb/deaorbt or otherwise 
theraally drive the separation. The foraer aetbod is aost often applied 
for gas separations, notably air separation and uraniua isotope 
enrlehasnt. The latter is the aore orann and includes hydrocarbon 
s^arations and oMaon distillation, drying by evaporation and so forth. 

A aore elegant aetbod is to attM^t to oOTblne the two approaches in a 
theraodynamioally consistent and general basis. One aetbod is to use 
"availability analysis" which calculates the underlying theraodynaaic 
work and also accounts for effects due to the application of the second 
law of theraodynaaics to the transfer of heat in and out of a 
theraally^cyeled process. Processes operating at teaperatures different 
froa aabient suffer losses due to incraplete heat recovery or due to a 
alsaatch of heat capacity or pressure-voluae work aaong streaas. 
Separations that occur Isotheraally uy do so away froa aabient 
conditions. Losses attributable to such differences can be included as a 
priaary effect dapending, in aost instances, on the arount of heat or 
expansion/cMipression work that is ecomaioally recoverable, and on the 
process te^>erature and pressure. 


The following sections define a generalized separation process, ai^ 


d«rlv« txprtsBloM for tho onorgp ood oatropy fluxoa in toiva of tbo 
ohoBloal availability. Tba availability aquatioa ia tboa oxaBlnod for 
partioular typaa of aoparatioaa poaaiblo and oquationa art dorivod for 
aaob part. Fiaallyi oquationa art dorivod for proooaaoa oporatlnf at 
olovatod toaporaturo. 

B. A GENERAL SEPARATION PROCESS 

A gonoraliaation of a aoparation (or any oboaloal) proooaa ia shown 

in Piguro 1-1. A alxod atroan of oMg>ononta at a^iont t«aporaturo» 

T., ontora a proooaa boundary, ia aubjoot to tbo applleation of boat 
o 

and work, and oxita at tbo aaao anbiont tonporaturo. Tbo woHc and boat 
Inputa aro aoparatod for oonvonionoo ainoo proooaaoa ofton oporato tiitb 
olootrie powor fron a grid and wltb a aoparato boilor or boator. Boat, A 
H, can bo suppliod to tbo procoaa, Ita "quality* dotominod by tho 
ontropy, A S. Tho iaportanoo of tho ontropy of tho hoot aouroo ia ofton 
not obvious but nay roproaont a difforonoo in onorgy input of 30S. 
Intomal to tho proooaa boundarioa, work could bo produood, aay, by a 
Carnot ongino. Thia ia oxeludod fro* tho proaont analyaia booauao it 
would hide ii^ortant dotalla. 

Fron second law oonaidorationa siallar to ttoso of heat onginoa, 

host is exchanged with tho onviroment. This hoot is denoted by 

and, for a rovorsiblo proooaa, ia transf erred at T^. Boat rojootion 

o 

(or absorption) at tonpomturos different fron T^ roproaonta a loss 

not attributable to a rovorsiblo proooaa and is tho ninlnun heat 

o 

that aust bo tranaf erred. 

Thoraodynaaio work oan also bo added to tho adoration systaa, and 
is doMtod by V. This is t^on as a pure work tom such as oloetrioity 



or mobaolotl vork. Cboaieol work i« iaeltidod la tbo thoraodmMle 
proportioa of tbo foodatooka aad produota. 

C. &ASZC IQOmOKS 

Tbo flrat lav balaaoo arovod Flfuro 2-1 i^vaa 

ft. ♦ W ♦ 4 »*|| ♦ ♦ H, - ft (|.|) 

tdioro ^ R|| ^ rafara to tbo *raaotaata”f % rafara to tbo 
produota, and all atroMU ara takaa aa aatarlag tbo prooaaa. It la 
uBuaual to writ a ttvi oonaarvatioa aquation vltb all flova aa taring tba 
ayataa. It la naoaaaarjr, bowavar, dua to tba difficulty in ka^lng track 
of tba aany flova poaalbla in obMdoal ayataaa* Tba autbora ballaaa that 
tbla abould ba tba ganaral aatbod, ai^ vlll ba uaad tbrougbout tbla 
atudy. 

Tba aaoond lav balanoa glaaa 

ft./T. ♦ it|l ♦ I4lp, • ^S, ♦ " • <l-2) 

whara ^ ^ and ^ ^ rafar to tba antroplaa of tba Inooalng 

and outgoing atraan, raapaotivaly, and rafara to any 
irravaraibla prooaaa tbat night ooour in tba aaparatlon prooaaa. 
Irravaraibllltlaa mj occur fr<Mi turbulanoa, boat dlaalpatlon, 
non-aqulllbr^ a^aratlon, aiki fron a largo mu^r of otbar pbanonana. 

To Min tain ganarallty, tbla atody largaly ooneantrataa on 

tbamodynaaloally ravaralbla ayat«M, aad tba tarn 

takan aa aaro. Than, tba aacond lav balanoa can ba vrlttan: 
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^*1 • • M - II 

Th« g«Mral «Dd ntTMtlr umAiI •AVftlUbiUtj* •qumtlea oaa b« d«rlT«d 
by eoBbinlat iquatlou (Z*1) Md (Z-3) by dlialMtiiig to flto 

w ♦I4 h,-t,4i,i ♦ I - • n - «» 

This oquotloii will bo roforrod to ropootodly* primrlly by owaluotliif tbo 
OBthalpy moA ootrepy fUBotlona for variouo ooparotioa prooossoo and 
obMioAl oyoteM. 

Vbilo opooiflo typoo of o^aratlono howo otlll not bo«a oonaldorodi 
It It vtlutblt to oxtalBo tovonO. t^arotioa ooaditioat to uadomtiaf. 
whort tbo rodttiroMBtt for oaorgy ooou tad* ^ttiblyt to uadorataad idioro 
tboy aty bo eeatrollod. It will tlto load to tho bttia for taadllag 
Inorottiacly aoro egt^lox oyttMM. 

1 . atpiritlQa , it, , ArtliBt TMatritort 

Tho aiaploot otto la idtoa tho aoparatloa eeoura at T^, aad 
Q I d M. aad 6 S_ aro aoro. la thla eaao, Eq.(I-t) rodueoa 

OX X 

to 

W ♦ (ANn’T,At||) ♦ • • U - II 

TIm tora 8 - T A S" la vary alailar to tbo doflaitloa of tbo 
o 

faalllar Oibba fhMtloBi A 8 • S* tho dlfforoaoo bolag tho roforoaoo 
toaporaturo. TlMy aro aot iatorohaagablo, howoirorf alaoo la aa 


wt«ra«l o*>Mtaiitt tad T i* r«lAt«d to tlio sondltiena at i^ioli tba 
oathalpjr and antropy ara oaleulatad. nMy arOf of eonraa, idantioal if 

T la tba aaaa aa tna rafarMoa atata. 

o 

a. Id«al 

Tba work of aaparatlon of oMponanta la giaan by lq.(Z-5) aa tba 
dlffaranea of tbalr obaaieal aYallabllitiM irtileb eaa ba I'aloulatad from 
kaowladga of tba aattaaiplaa and antropiaa of tba aaaooiatad atraaM. For 
an idatl alxtura of gaaaa or UquldOt A.a.t a nixtura wltb Idaal an^py 
of nixing and no baat of nixing, tba work raqoirad to a^arata tba 
OMponanta ia tba n^atiaa of tba work loot upon nixing: 

w - • »T, £a, u X| (I -•> 

which ia darivad fron lq.(l-5) by noting that tha anthaipy ohangaa of tha 
products and raaetmta ara taro ai^ that tha antropy ohanga of tha 
products la taro, ainrua: 

XASp.i a aXii u X| (1-71 

and all axit atraaM ara ernaidarad pura. In faot, axit straana ara 
oftan not pura, and Sq.(I-7) would ba avaluatad aaparataly in tlM gaiwral 
oaaa. Thaaa aquations rafar t? tba total anount of work raqulrad for 
aaparatlon, baing tba total anount of natarial in tha atraan, and 
rapraaanting tha solar fl*aotion. Uiila R^ oan ba baa^ on 
aithar wai^t or nolar quantitiaa, it shall ba uaad axeluaivaly to danota 
nolar quantitiaa la tlM ranaladar of tbia study. 


I^.(I*6) aoalM th« alalia aaouat of woric at aablant ta^ratura 
raqulrad for s^aratlon. For air, a naar-ldaal alxtura oontalalag 78. IS 
>2* 20. 9S O^* and 0.1S Ar and CO21 tha work of a^aratloa at 
25^C la 335 koal/kg-aol of air (approxlitaly O.OI38 kw*hr/kg of 
air). At |0.065/kw-hr, this aamiota to about 821.12 i>«r itrle ton of 
air. Tha actual raqulnanta ara about A tlia tha thaoratlcal valua» 
although coMarelal a^aratlon by llquafaotlon pr^araa oxj^n that la 
only about 95S pura, an aeomlc optlnus. 

b. Hop-idaal Mixturfla 

Mixtures ny be non-ideal In the sense of having 1) an Ideal 
entropy of alxlng and a non-zero heat of alxlng (Hildebrand's "regular* 
solutions), 2) a non-ideal entropy of olxlng and a zero heat of sizing, 
or 3) non-ideal entropy of sizing and a non-zero heat of sizing. In the 
general ease of (3), the themodynasie properties of the solution or 
slxture Bust be known in iffiolent detail such that the enthalpy and 
entropy of all streass can be calculated. The difference is then taken 
according to Eq.(I-5). Many Qomaon non-ideal solutions are very nearly 
regular solutions whose properties can be estisated by knowing only the 
heat of solution, A This Is particularly true of sany dilute 
solutions of Interest In separation technology where the solute does not 
Interact with Itself, and idiere the solution can be said to be without 
long-range order. In this case, Eq.(I-5) gives: 

w • - RT,ril| UX| ♦ 4H, (I - I) 


where the heat of solution Is ^ust the difference between the enthalpies 


of tho prcKiuots roootaats. Tbo hoot of solution o«n bo ostlmtod for 
rogulsr solutions froa vspor prossuro dots or hosts of vi^orlsstlon 
(Rlldobrsnd, 1950} t so thst tho thMrotloal onorgy of sopsrstlon osn bo 
ostlBstod with osslly obtslasblo dots. 

o. Qthor MlTturoa 

Msny of tho prooossos of Intorost In this study Involvo dollesto 

s^srstlon st^s such ss s^srstlon of rscoalo Bixturos, sopsrstlon of 

Isrgo blologlesl aoloeulos snd so forth, in nost ossos» thoso 

sopsrstlons csn bo occurring fk*on rogulsr solutions, or, for gsso<ms 

systoas, froa Idosl solutions. Strongly bonded alxturos such ss 

solutions of strong soldo or Ionic sslts osnnot bo trostod In thoso mys 

without serious error. Since thoso astorlsls Intorsot strongly with 

tholr solvents, Isotherasl sopsrstlon aethods probsbly could not be 

sppllod In s prsotlcsl sense. For exsa^le, sopsrstlon of wster froa 32 

w/o sulfuric acid by reverse osaosls would require pressure ratios of 
14 

about 3 X 10 t( over^MM s heat of solution of sb<Hit 13000 
kosl/kg-«ol. Separation of wster froa brine requires a pressure ratio of 
about 28 to overcone about 1000 kcal/kg*4ol. 

3. Separation at Elevated Temoersture 

VThen separation Is required at teaperatures other than aablent, 
heat Bust be transferred In and out of the separation process according 
to Eq.(I-5)* The reason for heating Is, In the case of separation 
Bethods under study, often to Increase the solubility of coBponents or to 
Bake then fluid. It aay have the additional effect of reducing the 
theoretical work of separation although this Is not the case for Ideal 
solutions. Figure (1-2) shows a generalized process In which heat Is 
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Figur« 1-2. Isothvnnl Separation at Elevated Tenperature 



r«oovtr«d by pr*h«ating tb« ftadstooks, and baat la rajaotad to tha 
anvironBant. Eq.(I-t) mat ba aolvad for tha easa in which tha ineoaing 
atraaa ia haatadi tha Mtcoing atraaaa ara ooolad, and haat is auppliad 
aztamally by aaans of a fluid, k problaa for a ganaral analysis such as 
this is to astiaata tha aamint of haat raoovary attritotabla to haat 
axohangars. This is soaawhat arbitrary baoausa tha actual aamint of haat 
racovary is ralatad to tha coat of anargy, tha cost of haat axchangars, 
and tha taaparaturas at which baat is baing transfarrad. In a ravarsibla 
prooasst iu> axtamal baat raquiraaants ara naadadt an artifact that, in 
such a process, availability is consarvad. Unis, tha study nist daviata 
froa tha original purpose and aatiaate haat racovary on an enginaaring 
basis. 

a. Estimating Heat Baeoverv 

Tha amount of haat raeovared Is dependant on the costs of energy 
and capital equipaent, but can be described sii^ly by the temperature, 
at which heat recovery is no longer profitable. This temperature 
depends somewhat on the industry and type of equipaent utilized. 
Generally, however, the teaperature at which heat enters cooling towers 
can be taken as about 78^0, representing a second law (Carnot) loss 
of about 15f on the usage of energy. Electric utilities would go lower, 
while the chemical Industry would go higher. For simplification, 

78^C will be taken as the practical heat rejection temperature, 

b. Ideal Mlmturea 

As before, the simplest case is that of an ideal mixture being 
separated at elevated te^erature, T„. The work required for 


••pu*atlon 1b 


W - “HT„ Xllj !■ X{ (I -M) 

Bod the added energy re<iulreaeBt 1b epproxlaetely 

c, (T^ - T,) . (1-11) 

More correctly, Eq.(I-ll) Bhould account for a saall difference in heat 
capacitlBB of reaotantB and products. This could becme Important, for 
example, if the feed contained condensible vapor which exited as a 
liquid. A more general expression would be 

4H, - lAH,.- XAHr - r*»| Cf, IT|. - T, 1 (1-11) 

the latter holding rigorously only for ideal solutions, 
c. Regular, SQluUona 

Regular solutions have an Ideal entropy of mixing and a non-xero 
heat of mixing, and the energy requirements for separation can be thought 
of as occurring in two parts. The work requirement to account for the 
entropy of mixing is given by Eq.(I-IO), but the heat of mixing will 
generally be an irregular function of temperature. Hildebrand (1950) 
shows that, under a variety of assumptions following f^om the definition 
of regular solutions and other physical principles, that the total work 
requirement Is given by 


w » AO 




( I - ia ) 


wh«r« is th« Boltr toIum of tho solution, # roprosonto tbo voluM 
frsotiona of oach oo^>onont, and 


A|| - 


( I -14) 


irtiara 6 rapraaanta tha aguara root of tha eohasiva anargy danalty or tha 
"solubility paraaatar.” This function is oaloulatad tha hast of 
vaporizaton and tha solar volusa by 


i 




(1-18) 


The solubility parasetar is a ralativaly slowly varying function of 
tasperature providad that satarlala do not change phasa. Thus, 
increasing or decreasing teaperatura to aid separations does not change 
the thersodynasle requiresents appreciably. 

D. SOMMART 

Basic equations were developed for separation processes in which 
the work and heat requirraents can be detersined. Equations describe the 
thersodynasics of separations occurring at both aabient and elevated (or 
sub-ambient) temperature, and for ideal and regular solutions. Nlxturaa 
not described by these two approaches are ballavad, on tha whole, to 
represent poor applications for isothermal separation processes. This is 
bacausa their high heats of mixing can only be overcome by large amounts 
of thermal energy. 


LoBtM assoolatad with op«ratloB at alavatad t^arttura vara found 
to ba Ihdapandant of tha ravaralbla tbaraodyaaaloa, and dapand largaly on 
the aooiK>nloal ta^>aratura for haat raoovary. Tbla dapanda on tba ooata 
of anargy and oapital aquipnant. 

Elavatad taid>aratura haa ralativalj llttla affaot on tha 
thaoratloal aaparatlon anargy. Thia la aoMtrtiat of a aurprlaing raault 
alnoa dlat Illation prooaaaaa ara atrongly dapandant on tMparatura. ma 
■ay ba dua largaly to oparatlng ofaaraotariatloa ralatad to praaaura 
rathar than to ta^>aratura. 


TASK II. CAUUUTZON AM) CGNPAXl^N OF SSfkUn&i ffORK 


A. OVERVIEW 

Task I lndioAt«d th« bMlo approach to aaoood law aoaljnia of 
■aparation prooaaaaa oparatiag at oonataat traparatora. For oonvaniaiMa, 
work and haat raqulraaanta wara aaparatadt althmifh thara la no 
thaoratloal raaaon for thla. Ratter , tte tharaodsmaolo work raqulraaanta 
ara often of aora oonoam to difficult aaparation problaaa diacuaaad In 
tbia atudy than to conventional, haat-drlvan aathoda auch aa dlatlllatlon 
(even thoaa requiring aany thaoratloal plataa) ate abaorption/daaorptlon. 
The futeaaantal haat raqulraaant waa ahown to be due prlnrlly to finite 
haat tranafar aurfaoa In procaaaas operating at taBp*!**^^^* other than 
aabiant. Thla haat aay alao be auppllad by Inefficient uaa of work auch 
aa occura with alaotroohanlcal aaparation prooaaaaa operating at greater 
than thaoratloal voltage. 

In thla taak, the energy raquiraoenta will be calculated ualng the 
aquatlona developed In Taak I. Since the prooaaaaa operate In 
aquillbriuB atagaa, aathodology aaiat alao be given for atagewlae 
calculation to obtain a given aaparation. Tbia requlrea coMurrent 
calculation of aaterlal balancea and aaparation variablea. Theae aathoda 
ara praaantad in Appandioaa A ate B, ate the raaulta ahown in thla 
aaction. Haat raqulraaanta due to off-aabiant operation ara not 
calculated. Such raqulraaenta ara not needed in a theraodynaaie ayataa, 
ate, in any oaaa, can be calculated free knowledge of the practical heat 
rejection teaperature, T^^, or froa ineffioienoiaa aaaooiated with the 


utllixfttlon of work 


B. MEMBRANE SEPARAnON 

1. ConciBtB 

Tho uM of MibrADM for soporatiooi and tranaport of aatorlala ia 
oztroMly widoaproad In biological ayatau and la baooalng liportant in 
Induatrlal applloatlona throu^ tba uao of ravorao oaaoala and iMllow 
fiber gaa aaparatlon aatboda. Biological ayataoa arc capable of 
extreaely aubtle aeparatlona, and the biological seabranea are capable of 
adapting oontlnuoualy to aid in aeparatlona and tranaport. Induatrlal 
proeeaaea uaually Involve ouch larger energlea and tranaport rateOf aiul 
are dealgned to utlllae fluid Beobanlca to aid In the tranaport of 
aateriala to and froa the Beabrane. Deaplte the usual dealgn prlnolplea 
In Induatrlal applloatlona to accelerate the aeparatlon at the expenae of 
efficiency and thus take the aeparatlon away froa equlllbrlua, aany 
Beabrane processes still operate substantially at equlllbrlua If the 
process systm la taken as occurring between the fluid dynaalc boundary 
layers. 

Flure II- 1 dlagraas a process in which 1) an incMslng atreaa la 
placed In contact with a aeabranOt 2) one or aore components diffuse 
across the aeabrane, and 3) products are continously removed. The 
driving forces for such a separation can be a concentration gradient or a 
partial pressure gradient, both representing logarlthalo driving forces 
froa Eq*(I-6)* TcB^erature gradients ne«l not be considered since they 
generally cannot be aalntalned in hlgh-aurface apparatus needed for 
Beabrane processes. Generally, the properties of the membrane will 
determine which co^onents will diffuse through and which will not. 


id«ol concenircilion 
gradient 




Separation Proceaa 



Bzocptloaa ity ooour tditn diffusion lt]wrs art tat up by tba iaooalag 
atraaa In wbioli oaaa tba naiArana tfould aot aaraly aa a aupport* A 
OMBon oaaa of tba lattar la tba foraation of aotlvatad aludga in iratar 
traataant. 

In tba ganaral oaaai a aaabrana prooaaa oan ba oonaidarad aa two or 
Bora prooaaaaa in a^ilibriua, altbou^ tba ovarall prooaaa ia pravantad 
froa aohiavlng aquillbrlua by tba aaabrana. 

For analyaiti both tba raaotant and product atraaaa oan ba 
oonaidarad aaparataly in aquilibriua with tba aaabrana, and tba woric 
raquiraaanta oan ba aatintad, to a firat approxiaation, by tba 
diffaranoaa in oonoantrationa or partial praaaurat aoroaa tba aaabrana. 
Tba oalculationa for aquilibriua dapand on tba typa of "aolution” tba 
raaotanta and produota fora vitb tba aaabrana. Gaaaoua raaotanta and 
produota oan ba takan, with littla arror, aa idaal aolutiona or aixturaa. 
Tboir intaraotion with tba aa^rana, howavar, auat ba non-idaal. 
Otharwiaa, no aaparation oould taka plaoa ainoa tba faaaa would abaorb 
and daaorb in tba aaaa proportion aa thair oomtantration (Raoult'a law). 
Tba Intaraotion will, in ganaral, ba irragular and not aaanabla to axact 
oalculation. haby, parhapa Boat, of tba intaraotiona oan ba traatad in 
tarns of foraing ragular aolutiona according to Eq.(Z-13). Systaaa not 
aaanabla to this aathod ara oftan too anargatio for aaparation by 
aaabranaa in any oaaa ainoa tbay wuld involva strong obMloal affaota. 

SiBllarly* liquid atraaaa aay ba oonaidarad aa ragular aolutiona 
which fora otbar ragular aolutiona with tba aa^rana, and which term 
ragular aolutiona of llqulda or idaal aixturaa of gaaaa wban saparatad. 


2. ggpiratian gf Gaau 


Tht prtpftratlon of t puro from a alxturo of gMoo it tht olaplMt 
and noat llluatratlva axaapla of MBbrana adoration. Plgura ZZ-2 aliowa 
auoh a ayatM irtitrt tha drlTing forot for aaparatlon la tbo dlfforoMO In 
partial praaaura of ooapooant 1 froa tba raaotaat atraaa to tbo product 
atraaa. Rafaraooa to Bq.(Z*6)» bouavari abom that, aa tba partial 
praaaura of oo^onanta la altbar pbaaa baooaaa Mall, tba aaparatlon work 
Inortaaaa abarply. Tbla raaulta froa tba logarltbale fora of tba 
aquation, mi lapllaa, aa will ba daaorlbad, that aaabrana prooaaaaa 
producing pura produota ara Inbarantly atagad davloaa. 

For cM^arlaon with oonvantlonal aatboda, tba aaparatlon of air by 
a aaabrana la analyzed. Tba aaMrana la aaauaad to pbyaioally abaorb tba 
OMponanta In air. Other typaa of aaMranaa ara poaalbla auob aa 
aoid-baaa ayatMa and ao forth. Again, tbaaa Involve relatively 
anargatlo Intaraotlona which ara difficult to ravaraa to affaet a 
aaparatlon. Air la oonaldarad, for aii^llelty, to oonalat only of oxygen 
and nitrogen. Znclualon of alnor cMponanta la atralgbtforrard, although 
It bacoBiaa aoMwhat comIow An fora. Calculation procaada froa tlw 
aaau^)tlon that the alxtura to ba aaparatad la abaorbad Into tba aaabrana 
In aaounta dictated by ita partial praaaura and by ita non-ldaal 
Interaction with the aaabrana. The latter Intaraotlona can ba aatlaatad 
froa the phyalcal propartlaa of the gaaaa a^ of tba aaabrana, naaaly, 
tbalr aolublllty paraaetar, A, and partial aolal voluaaa. Baaleally, 
procedure la to calculate the dlffaranca in partial praaauraa of tbo 
gaaaa acroaa the aaabrana. Tbla la followed by a Maa balance to 
dataraina tba coMoaltlon of tba next ataga. Tbla calculation procaada 
atagawlaa until a aaparatlon of apaclfiad quality la aebiavad. Bacauaa 


• i 

I 

of tht ohangint toIumo oad oonoont: ttieiio of guoo« tbo oroo 
roqulrokontt for tho MObroM chongo at oaoli atagOt uMiaXly boooalng 
MMlltr aa tho a^aratlon prooooda. Tho aaount of aroa la alao 
proportional to tho partial proaauro of tho ooa^oBonta for a gioon 
aoparation offiolonoj. 

Tho onrlohaont dopMda aharplp on tho proportloa of tho Boahrano, 
prlaarilp Ita I and aolar Toluao. Figuro IX*3 plota tho fraotion of 
oxygon In tho onrlohod atroM of a aultlatago aoparation proooaa uaing 
■oahranoa of flxod partial aolal voluao and varying A. Tho oaloulationa 
aro proaontod In Appondlz A. Aa I ineroaaoa tho rolatlvo onrlohaont 
Inoroaaoa. Tholr la a draaatlo roduotlon In gaa aolubility In Uio 
ao Arana t lK>Mvor» Ai'oh lar^ly n^atoa tho valuo of tho onriohaant. 

Thia la booauao tho hidh aoparation ability auat bo oMAnnaatod by 
oxtroBoly largo aoArano aroa. Figuro II-A llluatratoa tho tradooff 
baaod on oxporlaontal gaa aolubility data (Lawaon, 1979) and an oatlaato 
of tho diffusion rata through fluorocarbon ao Aranas. If fira eoata 
oould bo attrlbutod to aoArano aroa and tho eoat par atago, thon an 
ooonMilo BlnivJB could bo oaloulatod for tho physical proportloa of th« 

BOBbrano. 

A calculation of tho voric roquiroaonta vaa aado baaod on tho data 
in Appondix A and Figuro IX-A. Tho worle can bo approxlAtodt althmigh 
only roughly, by oatiaatlng tho loot availability duo to Irrovorslblo 
proaauro drop aproaa a 5-atago aoArano procosa. Thia la dona by 
aaaualng an optlaua proamro drop of tvioo tho thoorotioal valuo and 
calculating tho uork according to lq.(X<-6}. Tho total uoiic roqulrod la 

I 

ostlntod at about 770 koal/kg-aolo (0.0^8 kv-^r/kg) of air, oAut 57f I 
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of the aaouat r«qulr«d by llqutfaotion. It atould be noted tbet the 
naeui^tloiie used In this osloulstioa exclude puiq>/o(^resslon losses due 
to SBsll tolersnoes in aei^rsne systeas» tnit ooiq>ensstes for tbe« 
sosMuhst by off-equilibrlua pressure rations* 

The above osloulstlon Indicates sons Isportsnt aspects of asidtrsne 
separation of gases. Separation at near-equlllbrlua conditions requires 
■ultiple stages to 1} provide for finite transfer ratra (good gas 
solubilities In the Morans) t and 2) keep the pressure gr^lents 
tractable. Sons gas separations operate by processes that are d<Milnated 
by nass transfer rather than by equlllbrlua. These tend to the effusion 
Mchanisn which depends on widely different rates of diffusion throu^ 
the aanbrane. The physics of transport are different fTon that of 
equlllbrlua aeabranea. Effusion aeirt>ranes cause differences In transport 
rate by pore size while equlllbrlua Mabranes cause the sane by varying 
solubility. The Prlsa process for separating hydrogen, recently 
eoBmercialized by Monsanto, is an excellent exa^>le of a non-equlllbrlua 
aenbrane. Gas chroaatography using zeolites is an exa^>le of an effusion 
separation process operating stagewise and alaicking equlllbrlua 
processes. 

Restated, aenbrane processes for gas separations can be divided 
Into two classes, equlllbrlua and ef fusion processes. They nay be 
difficult to distinguish in sMse cases. Equlllbrlua processes generally 
require stagewise operation and will have auch lower (theoretical) energy 
requireaents. EffUslon processes favor single stage operation with high 
transport rates. These features lead to inefficiency which can be 
related directly to the theraodynaaic irreversibilities associated with 


■MS transfer ooourrlng far froa aqulllbrlua 


3. Sanaratlon of Cond^naad Phaa^a 

Condanaad phaaaa auoh aa aolutiona of liquids or solutions of 
solutes in liquids present s different syatea froa gas sepsrstioas. 
First of all, the ooMentrstlon of speoies is auoh hi^er due to the 
large difference in density between gases and liquids. Mass diffusion 
rates, however, are auoh aaaller so that eonoentratlon polarisation, 
i.e., depletion of speoies at the aeabrane boundary, Miy beoMs 
iaportant. A o<»non aeabrane separation ia reverse oaaoals, a process 
which operates at the order of aagnitude of the equilibriua osaotlo 
pressure. The actual pressure is soaewhat larger than theoretical to 
create finite separation reates, but the process illustrates the 
feasibility of running solvent/solute separations at near equilibriua 
conditions. Ideal and regular solution approaches do not describe the 
aeabrane chemistry. Qualitatively, however, the aeabrane is able to 
dissolve and pass water while rejecting salts. Conventional technology 
suggests that the blockage of salts la due to the large sise of anions 
and cations relative to water. This can be equally treated as a coaplex 
solubility phenoaenon in which the long-range order of hydrated ions 
prevents solubility by large, non-ideal entropy effects. 

Biological systras operate a large nunber of aeabrane separations 
in the liquid phase at conditions very close to equilibriua. Biological 
separations and ohealcal reactions often occur with a near-aero entropy 
change, a fact which allows these processes to operate over a range of 
environaental teo^eratures. Separations, however, seea to be actively 
assisted by changes in the biological aeabranes as the separation 


prooaeda. Thia aakaa tha aaparation oapabla of ooaoantratlona la axoaaa 
of that oaloulatad for alofla-ataga aaihrana prooaaaaa. Vhlla auoh 
aaparatlona wart not azaalaad in thla atudy, It aay ba poaalbla to aodal 
living MBbranaa aa aultiatap aaparation davloaa with infinita atagaa. 
Tha aathanatloa would ba aiailar to a problaa in oc^miad intaraat. 


C. StlPERCRinCAL EXTRACTION 
1. Coneapta and Tharaodynaalea 

Supareritical axtraotlon rallaa on tha axcallant axtractiva pamr 
of aolvanta abova thair critical pointa to achlava aaparatlona that ara 
ordinarily difficult to achlava in practica. Figura II-A ahowa a dlagraa 
of aueh a procaaa in which 1) tha faadatock and aolvant ara praaaurlzad 
andf if necaaaary, haatad» 2) tha faadatock ia contacted with tha 
aolvant, 3) tha unaxtractad natarlal and aolvant/aoluta alxtura leave tha 
extractor where praaaura la recovered , and 4} tha aolvant and aoluta are 
aaparatad by flaahlng. In a thax*Dodynaaieally ravaralbla procaaa, tha 
coaq)ra88lon worte will Ju8t equal tha praaaura recovery. In a real 
ayataa, praaaura recovery can ba taken aa about 70% efficient. 

Tha aechaniaa of auparcrltlcal extraction la unknotm. Froa the 
tharaodynaaic point of view, however, tha explanation aaaaa clear. Tha 
addition of praaaura<>voluae work to tha aolvant allowa it to ovarooaa tha 
entropy of alxing and tha heat of aolution: 


W - <V - - RT I g, In X, t AHj 


( 11 - 1 ) 




vb«r« ^ 8^ is th« h«at of solution of tho toluto in tho aolvtnt. 

Bq.(II*1) allows a surprisingly atraightforwazKl oalculation of soparation 
work, aapaoially if tha hast of solution oan ba aatiMtad. 

2 . Extraetlon of Caffalna with Carbon Dloxlda 

For an axa^>la, tha axtraotion of eaffaina 
(CgR^^NjiO^} by carbon dioxida was axaainad. Tha 
calculations required an astiaata of tha hast of solution, and a 
determination of tha P-T int^ral for carbon dioxida from ai^iant to its 
critical pressure, about 73 atm (7*66 MPa). Tha heat of solution is 
estimated by determining tha solubility paramatar and partial molal 
volume of the solute and solvent. Tha properties of tha former, for 
non->volatlla materials, can ba estimated by additive methods (Fedors, 
197t), and are easily found for the latter (sea Appendix B). Tha heat of 
solution is then calculated from regular solution theory: 

AHj - V| ( 6, ^2^* ^2 (11-2) 

(Hlldegrand, 1950). For caffeine in CO^, this amounts to about 4550 
kcal/kg-mol. Tha P-V work is detamlnad from tha thermodynamic 
properties of CO^ (Parry, 1963) Md is 1995 kcal/kg-mol. From these 
values, Eq.(ll-I) yields a mole fraction of caffeine extractable of 
0.021, and an expenditure of energy equal (theoretically) to the heat of 
solution. The P-V mrk is taken as mostly recoverable. A rough estlute 
of the energy requirements of caffeine extraction Includes a 305 loss 
from laq>erfeet power recovery and the heat of solution (a minor 
oofl^onent). This amounts to 600 keal/kg (0.70 kw-hr/kg), or about $0,045 


worth of powor. This is sn sttrsotlvsly low nuabsr in vitw of ths 
ooBMrolsl prlot of osffsins st $10*50/kg (ChSB.Msr.Rspr.* 1981). 

The sutlrars have not been able to obtain plant data on extraction 
of caffeine t and cannot at present sake a direct ooqiariaon of energy 
ooata. Eggara (1978) dlsoussed the theraodynaBios of extraction with 
CO^ by close reference to the Mollier dlagraa for this solvent. Be 
estiBstea a phase range in tea^erature and pressure to use in deteralning 
the extraction and precipitation of natural products. The liBlts for 
extraction are froB aBblent to 87^C and froB the crltloal pressure 
(73 ata) to 300 ata. If Eq.(II-l) is used» however, the Ifollier dlagraa 
indicates a acre restrictive area of interest, acre accurately Indicated 
by a range of teag>erature froa 300 to 330^K, and by a saall range in 
entropy froa about 3*2 to 3.6 kcal/kg^K. The reason is siBg>ly that 
this region contains the enthalpy changes required to dissove the natural 
products. 

3. Evtraetive Separation of Ethane/Ethvlana 

Extraction of natural products is the only way to separate these 
products from their substrates, and supercritical extraction is Just an 
enhanced aethod of extraction. The possibility of using the 
supercritical extraction principle in conventional distillations allows 
direct coaparlson of theraal separation with supercritical separation. 
Figure II-2 shows a conceptualization of a supercritical extraction 
coluan to separate ethane froa ethylene, a c^noon and large-scale 
comaeroial problea. Conventional distillation of these two ooaponents 
requires sophisticated and expensive equlpaent because the vapor 
pressures of each ooaponent are very high and have about the saae value. 


Th« hlgh-pr«88urt di8till8tion r8qulr88 about 200 thaorotloal plataa 
(Jtsgara, 197^1). 

Figur* II-2 8tou8 bow tbo axtriotivo propartita of CO 2 ia tha 
auparerltloal ragion would ba uaad. Ba8loally» tha ayataa raqulraa 
■alntalning a liquid pbaaa containing priaarily atbylana and athana, and 
a auparoritloal pbaaa containing acatly C02* Liquid ia punpad down 
tba coluon froa ataga to ataga, and auparoritloal fluid flowa up tba 
ooluant baoMiing anriobad in tba sera aolubla ooi^onant. Tbia diffara in 
concept froB a conventional diatillatlon wbara tba up-flowing atraaa 
bacooaa anriobad in tha eoaponant with tha blghaat vapor praasura, 

Tha phyaloa of tha aaparation aatboda alao diffara (aaa Table 
ZI-1). Conventional diatillatlon oparataa on diffaranoaa In vapor 
praaaura which can ba related to tha heat of vaporlaatlon, AR^t of 
tha cooponanta. Diatillatlon by multiataga auparcrltlcal extraction 
operates on diffaranoaa in tha ratio of A Hy nolar voluaa. 

Thus, whan a chCBioal ayataa ia difficult to aaparata bacauaa of 
alallaritlea in one property, tha other aay ba uaad. In tha oaaa of 
ethylene and ethane, tha haata of vaporization differ by only 2.1S 
whereas the cohesive energy danaltiaa, AHy/V, vary by 4.7f. This 
nakea a large difference In tha number of stages required if relatively 
pure components are needed. Coiq>aratlva calculations are given in Table 
II-1. Energy consumption for auparcrltlcal extraction was estimated on 
tba basis of 90$ praaaura recovery. This ia easily Justified since tba 
system cycles pressure over only a small range. 

D. CHROHATOGRAPRT 


1. Coneepta and Theraodvnamica 


Th« thtraodyiiMdes of obrMOtogr^hy bavo boon oxtonaiToly 
ittvoatigatod (Purnolli 1965 }* first id.th rospoot to gas obrraat^r^>hy 
and lator with rospoot ot oondonsod pbaso systoas. Chroaatographio 
systoBs diffor fro* otbor oxtraotlro soparations in that tbroo ooi^ononts 
art roqulrod: solront (or oarrlor), soluto, ai^ aotivo substrata, nio 
substrata acts in tbo saao sannor as oonvontlonal dlaoroto staging or 
flashing. Tbo tboraodynaaio naturo of tbo substrata is a^l volant. 
Cbrosat^apby is not dosorlbod fonMlly by oqullibrlua tboraodynaaios 
whan oonduotod on soolltos or otbor ■atoriala utilizing poro sizo or 
otbor dlBsnslonal proportios, for oxaq>lo. This is booauao tbo 
soparatlon ooours sololy on tbo basis of dlfforonoos in transport 
proportiosy ebioflyy tbo solooular diff^slvity. Tbo s^aration is 
dosorlbod by oqullibrlua oatboastios only Insofar as tbo dlfforonoos in 
dlffusivlty osuso soparations that niolo adsorptlon/dosorptlon prooossos. 
Tbo overall separation then looks like a long series of 
pseudo-equlllbrluB stops. 

On the other bandy gas-liquid obroaatogrsphy oporatos in 
oqullibrlua stops whore the gaseous solutes absorb and desorb in a thin 
liquid layer distributed over tbo substrate. Soparations of this kind 
oan be predioted with smm accuracy using oethods identical to those of 
distillation ooluras. 

Condonsed-phaso cbrooatography follows tbo saoo precepts. The 
distinction between dlfAision and absorption/dosorption stops is often 
clouded. For largo ooloculosy storoospoclflc properties and other subtle 
differences can have oajor effects on the separation. 

The overall energy roquirononts for ohroaatographio separations 


u*«, bowevtr, doalnfttad bjr tb« oharaottrlstle of tboso Mtbodo of 
roqulrlbf « largo ratio of aolvont to aoluto. Application of Bqa.(Z-6) 
and (1-8) to tbo aolYont and aoluto glTO tbo tboorotioal work 
roquiroBonta. for a typical ratio of about 10000 (porbapa 1000 on a 
woigbt baaia)f tbo ton 

RTarXi U X| 

por unit of apocioa 1 ia about 6090 kcal/kg-ool and la unrocoYorablo. 

Tbo boat of aolutlon ia of e(»q>arablo valuo (aoo 8oo.II-C)t loading to an 
ovortll onorgy conauaption for cbroMtogripblo aoparatlona of botwoon 
about 6000 and 10000 koal/kg-aol. 

E. SOMMAHT 

tbia atudy undorto^ analyaia of laotboraal aoparation proooaaoa 
utilizing aoabranoay aupororitical oxtraction and cbroaatograptay. Tbo 
approacb waa to uao oquilibriua tberaodynaalca to Idontify wboroy bow, 
and bow auob onorgy la conauaod. Following tbia, a coi^arlaon of onorgy 
conauaption aaong tbo aotboda waa attoaptod* Eaeb aotbod ia ao dlfforont 
in ita iBqplaBontation, bowovor, that oloao ooapariaona aro not poaalblo. 
Partly, tbia ia booauao work ia oxpondod in dlfforont waya. Moabrano 
proeeaaoa conauao work by dlaalpation oauaod by forcing aatorlal through 
oquipaont with aaall tolorancoa, and by doplotion of apocioa at tbo 
aurfaco of tbo Mabranoa. Supororitioal oxtraction proooaaoa conauao 
work prlaarily froa loaaoa aaaooiatod wltb inoffioiont proaauro rooowory. 
Cbroaatograpbio aotboda uao onorgy largoly in proportion to tbo aaouot of 
aolvont noodod to of fact aoparation, at loaat for continuoua and 


••al^oontlnuous prootsMs. Zn taob oaa«, bowtvar, tha aaounta of oboi^, 
buod oB thoerotiool or ooai-thoerotioBl oaloulotiona, aro low ooa^arod 
with oomraBtional dlatillatloa. Tho roaaoa la atralghtforward, niaao 
Mthoda do not roquiro oontlnuoua and Bultlpla vaporlaatlona of 
oo^nanta with tha attandaot rw •ntrgr raquirMtnt and po«* aMi^jr 
raoevary, aapaolally at lowar tMparaturaa. 

To prapara pura product a froa aqulllbrlua prooaaaaa» tba aaparation 
aathod Miat prooaad atafowlaa. Tbla la iapllad froa tha um of Eqa.(Z-6) 
and (1-8) which ralata tha work raqulrad to tha aola fraction of tha 
■atarlal to ba aaparatad. Proeaaaaa utlllainc non-aquilibrlua prinoiplaa 
of aaparation ara oft an not oonduotad atagawlaa. in axaapla ia iMliua 
aaparation froa natural gaa which utilisaa a aincla-at^ diffUaion 
through thin inorganic aaabranaa. Thaaa ara accwqtaniad by a larga loaa 
in availability. Thair caving faatura ia uaually aiq>licity and low 
capital axpanditura. 


